Introduction Metabolic Response of Tea to Exogenous Ascorbic Acid

Materials and Methods
Plant material and treatments
The UPASI Experimental Farm located at an elevation of 1,050 m above MSL (9°33' N, 77°07' E). Decennial average of rainfall of the experimental area is around 4,000 mm. Mean maximum and minimum temperatures are around 26.0 and 15.0°C, respectively; the mean relative humidity varies from 76 to 89%. Tea soils are sandy loam and acidic in nature (pH: around 5.0). Tea is a rain-fed plantation crop and irrigation is a resource-oriented, cultural operation. Experimental plots were not irrigated during the period under study. Field experiments were carried out in a randomized block design and each plot contained 40 bushes and were replicated four times/treatment with drought-susceptible 'Assam' clone UPASI-3 during the years from 2008 to 2009. Pre-treatment yield was monitored for 2 months prior to ascorbic acid application. Treatments of the experiment included foliar application of ascorbic acid a day after each harvest (regular intervals) and once in two harvests (alternative intervals) and untreated control. Ascorbic acid at 200, 400, and 600 ppm concentrations were applied individually. Biological grade ascorbic acid (M/s. E-Merck, Mumbai, India) was dissolved in a small volume of distilled water and mixed with running stream water, filtered, and applied on the foliage using a hand operated knapsack sprayer with a spray volume of 200 L ha -1 . Foliar application was carried out 1 day after the harvest of crop shoots. All cultural operations were carried out as per the recommendations of Muraleedharan et al. (2007) and the data generated were analyzed statistically.
Growth parameters
Crop harvesting was carried out at 15-to 18-day intervals using hand-held shears. Yield and yield attributes, particularly the percent "banji" (dormant shoots) in the harvest, were monitored at every plucking round for the whole experimental period. Weight of the green leaf harvested from the respective plots was monitored and computed on the basis of bush population per unit area at an out turn of 22.5%
Physiological parameters
Gas exchange measurements (stomatal conductance, Gs) were made on fully expanded leaves from randomly selected plants in each treatment using a portable Porometer (Delta T, Li-COR, USA) under the light intensity of 750 -900 µmol m -2 s -1 . Diffusion resistance (r) was computed from the values of Gs. Total chlorophyll content was monitored with chlorophyll meter (SPAD-502; Minolta, Osaka, Japan) and computed with the regression models according to Raj Kumar et al. (2002) and expressed as mg Chl. g -1 fresh wt. All observations were made using three replicates per treatments and repeated at least two times during the course of the study.
Estimation of polyphenols, catechins, and amino acids
Total polyphenols of fresh shoot was estimated using FolinCiocalteu reagent according to Dev Choudury and Goswami (1983) . Spectrophotometeric method of Swain and Hillis (1959) was applied to quantify the total catechins while free amino acids were determined by the modified protocol of Sadasivam and Manickam (1996) .
Estimation of antioxidant enzymes
Phenylalanine ammonia lyase (PAL) activity in fresh leaves was assayed according to Sadasivam and Manickam (1996) . Peroxidase (PO) and polyphenol oxidase (PPO) extraction and assay were carried out according to the procedure of Hemanta and Mishra (1979) and Harsh and Ravindranath (1994) , respectively. Ascorbate peroxidase (APOX) was assayed by monitoring the decrease in the rate of oxidation of ascorbic acid (Xu et al. 2009 ). Total protein content was determined using standard, bovine serum albumin (BSA) and the protein concentration was calculated from the standard curve and expressed in percent (Bradford 1976 ).
Estimation of made tea quality
Harvested green leaf samples (three leaves and one bud) were collected after the second and fourth spray for black tea manufacture to study the quality attributes. Black tea was manufactured with a miniature CTC unit adopting the standard procedures. Quality attributes such as the theaflavins (TF), thearubigins (TR), total liquor color (TLC), and highly polymerized substances (HPS) were analyzed adopting the standard procedures (Thanaraj and Sheshadri 1990) . A portion of made tea samples (BOP Grade) were sent to professional tea tasters' for organoleptic evaluation.
Data generated were statistically analyzed (ANOVA) and are presented with critical difference (CD) and coefficient of variation (CV) in order to distinguish the treatment effect.
Results and Discussion
Yield and banji A significant yield increase and alleviation in banji was noticed with respect to regular application of ascorbic acid (Table 1 ). An alternate round of foliar application of ascorbic acid had lesser impact when compared to regular application. The percentage of banji reduction was highest (17%) where the plants treated with 600 ppm of ascorbic acid at regular intervals which attributed to accelerated metabolic activities. The above Suzuki and Ogiso (1973) ; similar results were also reported by Beltagi (2008) . Yield of both alternate and regular spraying of ascorbic acid plants exhibited marked variation; furthermore, the regular application registered relatively higher yield when compared to alternate spraying. Highest yield improvement (4,970 kg MT ha -1 ) was noticed with application of ascorbic acid (600 ppm) on a regular schedule. However, the alternate spraying did not reveal any noteworthy improvement when compared with untreated control. These results are in agreement with Bassuony et al. (2008) , Farahat et al. (2007) , and El-Tohamy et al. (2008) where the foliar application of ascorbic acid improved the growth parameters of maize, cupressus, and eggplant, respectively. Accordingly, it has been attributed that the substantial involvement of foliar applied ascorbic acid in metabolic processes during growth and development of tea plants.
Physiological components
The results revealed that foliar application of ascorbic acid positively enhanced the physiological attributes of tea (Table 2) . Application of ascorbic acid resulted in vital improvement in stomatal conductance and reduction in diffusion resistance. Among the concentration tried, regular spraying at 400 and 600 ppm indicated significant enhancement in all physiological attributes. Smirnoff (1996) reported that ascorbic acid is related to photosynthesis and hence the greater efficiency of stomatal conductance seems to be responsible for the higher photosynthetic carbon assimilation. It is evident that photosynthetic carbon dioxide assimilation and stomatal conductance had a direct positive correlation with each other (Raj Kumar and Jibu 2004) while stomatal conductance had a negative correlation with diffusion resistance. It has been well established that the ascorbic acid application imparts drought tolerance in rice (Garg and Singh 1971) . In the present study, being rain-fed crop foliar application of ascorbic acid imparts tolerance against soil moisture stress in terms of diffusion resistance. Diffusion resistance was significantly reduced at 600 ppm ascorbic acid application at regular intervals. However, application at alternative harvests showed no significant effects on diffusion resistance. Chlorophylls increased with increasing concentration of ascorbic acid irrespective of application intervals. Foliar application ascorbic acid (600 ppm) at regular intervals enhanced both chlorophyll a and b pigments. This enhancement is possibly due to the antioxidant property of ascorbic acid where the hydrogen peroxide (formed due to oxygen photo-reduction in PSI) is removed by the aid of ascorbate peroxidase (Miyaka and Asada 1992).
Biochemical components
Exogenously applied ascorbic acid influenced the biochemical constituents of made tea to a greater extent. Results revealed that foliar application of ascorbic acid (600 ppm) at regular intervals significantly improved the total polyphenols and catechins while alternate interval applications showed a marginal variation (Table 3) . These results are in accordance with Farahat et al. (2007) and . Amino acid content was marginally improved in both regular and alternate applications of ascorbic acid. Exogenous application of ascorbic acid induced the stability of protein which was evident as the values were higher than the untreated control. This enhancement could have partially attributed to the increased activity of antioxidant enzymes against the stressed environment (Beltagi 2008) .
Activities of the antioxidant enzymes peroxidase, polyphenol oxidase, and phenylalanine ammonia lyase increased in all the treatments (Table 4) . However, the activity of ascorbate peroxidase remained unchanged considerably between two successive applications, while the activity of PAL increased in both the treatments. A concentration-dependent decrease in PO was noticed with regular applications of ascorbic acid. These results substantiate earlier 
Quality parameters
Made tea manufactured from the crop shoots of ascorbic acid-treated experimental plots showed improvement in quality parameters. Foliar application of ascorbic acid at 400 ppm in alternate sprays also enhanced the TF which contributes to the brightness and briskness of tea liquor (Table 5) . A significant increase in TR content was observed in plants that received 400 ppm of ascorbic acid in regular intervals and also in plants that received ascorbic acid at 600 ppm in alternate rounds. Other quality parameters did not have any marked changes at any given concentrations of ascorbic acid. Overall, professional tasters' scores indicated that there was a marginal improvement in liquor characteristics due to foliar application of ascorbic acid irrespective of the treatments (Table 6 ). Liquor characteristics, infusion, color, strength, and briskness gained higher scores when the samples were collected from ascorbic acid (at 200 ppm) -treated plots at regular intervals (Table 6 ). Thus, ascorbic acid had altered the scale of synthesis of quality attributes of made tea in response to the concentrations applied.
This study documents a remarkable synergistic interaction between the exogenous application of ascorbic acid and the metabolic activity on tea plants. It could be concluded that the antioxidant vitamin, ascorbic acid plays a major role in metabolic and physiological processes of tea plants thereby enhancing the vegetative growth. 
